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Abstract 
The effects of far distant earthquakes felt in regions with low and moderate seismicity has increased markedly over 
the last decade. Henceforth fragility curves in this study are to indicate whether buildings are safe to enter or not after 
an earthquake event occurring more than 300km away. The probability of light, moderate and severe damage states 
occurring on two and four storey reinforced concrete buildings up to a peak ground acceleration of 0.2g were 
predicted. The building models were constructed using finite element software based on eight node brick elements 
with three degrees of freedom at each node. The analysis was carried out using a dynamic response spectrum to 
calculate the peak inter-storey drift ratios. For the development of fragility curves, the results were collated following 
a log-normal mean distribution. The results showed that light damage is likely to occur with a probability of over 
10% within a 50 year period, while the existing record is unlikely to cause structural damage. The fragility curves 
were comparable to those for RC moment resisting frames obtained by (Rossetto and Elnashai 2003) at a lower drift 
limit, with approximately 2% of inter-storey drift ratio. 
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1. INTRODUCTION
The effects of far distant earthquakes felt in regions with low and moderate seismicity have increased 
markedly over the last decade due to active faults that are even more than 300km away. These incidents 
have caused thousands of people in several cities in low and moderate seismicity regions to flee their 
houses and even hospitals because the majority of them felt insecure. In order to prepare for such natural 
disasters, fragility curves are used to predict the risk to the structures after an earthquake event. The 
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fragility curves characterize the probability of reaching a damaged state at various levels of ground 
motion as in Eq. 1 (Singhal and Kiremidjian 1996). Henceforth, reliability decisions can be made from 
the curves immediately after an earthquake to indicate whether structures are safe to enter or not.  
 (1) 
where Pik is probability of reaching a damage state di given that ground motion is yk; D is a damage 
measure; and Y is ground motion. 
In this study, analyses of two and four storey RC school buildings on a particular soil condition were 
performed in DIANA by response spectrum analyses to estimate the response of structures subjected to 
earthquake excitations. The structural response of a multi-degree of freedom system is described as   
 (2) 
where  is the ground acceleration, {V} is the displacement vector of the floor mass with respect to 
the base, {1} represents a unit vector and [M], [C] and [K] are the mass, dampers and stiffness matrices 
respectively. It is assumed that the ground motions are only applied in the direction of the most critical 
structural response, along the surface of the structures. 
2. DAMAGE LIMIT STATES  
Due to the wide range of structural capacity of different RC frames, (Reston and Virginia 2000) 
defined a common structural capacity for RC frames that is expressed in terms of three damage states, 
corresponding to immediate occupancy, life safety and collapse prevention.  
The damage state of immediate occupancy is defined as retaining the pre-earthquake design strength 
and stiffness of the structure. Although the structures are generally safe to occupy, some minor cracks 
may appear. The life safety damage state includes damage to structural components, but with some 
margin against either partial or total structural collapse. Structures meeting the collapse prevention 
damage state are expected to have undergone significantly more damage, including significant 
degradation in the stiffness and strength of the lateral-force-resisting system and large permanent lateral 
deformation of the structure. Even though the structures continue to support their own member loads, 
nevertheless the structures are not safe to reoccupy because the structures may collapse due to aftershock.  
The level of damage is quantified in terms of the inter-storey drift ratio. The drift limits for the three 
damage states are estimated corresponding to a comprehensive review of past studies on seismic 
structural performance as well as a number of experts’ perceptions. It is certainly true that the drift limits 
are provided to illustrate the overall structural response associated with various structural performance 
levels, but the use of drift limits in fragility curve derivation has been presented by (Hueste and Bai 2007). 
The drift limits for the damage states defined in (Reston and Virginia 2000) are tabulated in Table 1. The 
fragility curves in this study were then developed accordingly.   
Table 1: Structural performance levels for Reinforced Concrete Frames (Reston and Virginia 2000) 






Drift ratio 4% 2% 1% 
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3. GROUND MOTIONS  
In order to represent the seismic characteristics in regions with low and moderate seismicity, the actual 
ground motions recorded from historical earthquake events covering an area from 85ºE to 150ºE 
longitude and 15ºS to 30ºN latitude for earthquakes of magnitude 5 and greater from the end of December 
2004 to May 2008 were used for this study. However, 40 sec. was a considerable duration of an 
earthquake being felt as observed in the region. Such a duration was also applied by (Kircil and Polat 
2006) to generate artificial ground motions that have a probability of over 10% within a 50 year period. 
The ground motions were integrated into 150 acceleration response spectrums and were scaled up to a 
PGA of 0.2g with an interval of 0.025g and were used directly without modification for bias effect (Song 
and Ellingwood 1999). The purpose of such an approach is due to the limited number of strong ground 
motion records. Fig. 1 shows an accelerogram ground motion record. The properties of the ground 
motions are tabulated in Table 2. 
In terms of a probability of over 10% within a 50 year period, (Petersen et al. 2004) predicted that the 
ground motion is likely to reach 0.15g compared to 0.2g by (Adnan et al. 2005). However, (Petersen et al. 
2007) revised the ground motion and expected it to reach 0.06g over the period. Accordingly, the 
earthquake catalogue covered an area from 90ºE to 120ºE longitude and 10ºS to 10ºN latitude and was 
compiled for earthquakes of magnitude 5 and greater from the beginning of 1988 to February 2008. The 
peak ground motions were predicted from the Sumatran fault and the slip rates along the fault varied from 
50 to 60mm/year with the slip rate accelerating to the north. A ground motion of 0.06g was used in this 
study to identify the probability of damage states occurring over the return period. 
 
Figure 1: An accelerogram ground motion record 
4. FINITE ELEMENT MODELS 
Fig. 2 shows an idealized full soil-structure system for this study. For two and four storey building 
models, the length of the horizontal soil domain is about 5 and 10 times larger than the length of the 
structures in the X and Y direction, respectively. The depth of soil is approximately 5 times deeper than 
the length of a pile foundation. The soil in this study is accounted for only as a flexible foundation 
considering kinematic interaction (Kwon and Elnashai 2007). Thus, the size of the entire soil domain is 
large enough to be considered as an infinite medium.  
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Table 2: Ground motions properties 
Description Date Latitude Longitude Magnitude Distance(km) PGA(g) 
Sumatra Earthquake 26/12/2004 3.1N 95.5E 9.0 613 0.001 
Sumatra Earthquake 03/04/2005 1.9N 97.5E 6.1 433 0.0002 
Sumatra Earthquake 14/05/2005 0.4N 98.3E 6.7 437 0.0004 
Sumatra Earthquake 19/05/2005 2.0N 96.9E 6.3 488 0.0002 
Sumatra Earthquake 05/07/2005 1.8N 97.1E 6.8 475 0.0006 
Sumatra Earthquake 17/12/2006 0.6N 99.8E 5.6 320 0.001 
Southern Sumatra Earthquake 12/09/2007 4.5S 101.3E 8.2 774 0.001 
Southern Sumatra Earthquake 12/09/2007 2.7S 100.7E 7.9 600 0.001 
Southern Sumatra Earthquake 13/09/2007 2.3S 99.6E 7.1 589 0.0005 
For the case of the soil condition, an increase in soil stiffness by reaching a desirable standard 
penetration test (SPT) value at a shallower depth (approximately 10m below the surface), the soil 
properties were assigned corresponding to the SPT values in the models.  The cohesion of soil and 
Poisson’s ratio were assumed to be the same in all soil layers, 10kPa and 0.3 respectively. The correlation 
between soil properties and SPT values is tabulated in Table 3.  
For structures, both two and four storey building are symmetrical in plan and consist of sixteen frames 
with constant inter-storey heights of 3.6m. The typical floor area is approximately 304m2 and the concrete 
slab at every storey level is about 0.13m thick. Size elements are about 0.25m x 0.5m for beams, 0.3m x 
0.45m for columns and 0.3m x 0.3m x 1.2m for RC square pile foundations. All elements, including the 
super-structure, sub-structure and soil were modeled using 8-node brick elements. The strength of 
concrete and yield strength of steel were selected as 25MPa and 460MPa respectively, while the concrete 
density and Poisson ratio were assumed to be 2.4E10-6kg/mm3 and 0.2 respectively. For the boundary 
condition, internal nodes were free to move in all three directions i.e. translations in the nodal x, y and z 
directions, while all support nodes were restrained.       
 
Figure 2: An idealized full soil-structure system 
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Table 3: Soil properties and correlation of SPT values 
Description Loose Medium Dense Very Dense 
SPT (N) 4-10 10-30 30-50 >50 
Unit weight (kN/m3) 14-16 17-20 21-22 >23 
Young’s Modulus (MPa) 5-20 16-40 30-100 >100 
Friction angle (º) <29 30-36 36-41 >41 
5. Fragility curve  
For statistical analysis, the inter-storey drift ratios for each ground motion level were collected from 
the analyses and followed a normal distribution as seen in Fig. 3. This step of performing the drift ratio up 
to a PGA of 0.2g with an increment of 0.025g was used to obtain the normal mean (μ) and standard 
deviation (ı) for the distribution. The normal variable on the X-axis is then calculated by using the 
obtained normal parameters through 
 (3) 
where x is the inter-storey drift ratio. The log-normal probability plot of maximum drift ratios for the 
ground motion levels are plotted and fitted as shown in Fig. 4 to obtain the log-normal mean (μlnD) and 
standard deviation (ılnD). The log-normal mean and standard deviation are obtained from the y-intercept 
and the slope of the fitted line, respectively. The probability of reaching the damage states i.e. immediate 
occupancy = 1%, life safety = 2% and collapse prevention = 4% is calculated by using the obtained log-
normal parameters. For instance, the log-normal mean and standard deviation of the drift ratio on a two 
storey building at PGA = 0.1g are -3.28 and 0.81, respectively. The probability of reaching collapse 
prevention is calculated as  
 (4) 
The fragility curves of the structures corresponding to different damage states are obtained by plotting 
the probability of reaching that damage state versus the PGA level.  
The fragility curves for the particular soil condition are shown in Fig. 5. For two and four storey 
buildings, it is observed that the light damage corresponding to immediate occupancy increases steeply 
and is expected to occur at a PGA of 0.2g. In terms of an earthquake of magnitude 0.06g occurring over a 
50 years return period, the light damage is reach by almost 85%, while moderate damage corresponding 
to life safety is roughly 60% and severe damage corresponding to collapse prevention is approximately 
30%. Even though the probability of reaching light damage is fairly high, nevertheless the buildings are 
safe to enter or occupy up to a PGA of 0.2g and are expected to crack at a PGA of 0.2g. Moreover, the 
existing record, 0.001g, is unlikely to cause any structural damage as the probability of reaching a damage 
state is close to zero. In spite of that, the probability of reaching a damage state on a four storey building 
is more critical than on a two storey building as the chance of reaching a damage state on a four storey 
building is consistently higher over the PGA range. This was also observed by (Kircil and Polat 2006). 
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Figure 3: Distribution of inter-storey drift ratio on a two storey building 
 
Figure 4: Log-normal probability plot of maximum drift ratio on a two storey building 
 
Figure 5: Fragility curves 
μ = 0.514 
ı = 0.039 
Collapse Prevention 
Life safety Immediate Occupancy 
None 
2202  K.T. Tan and H. Abdul Razak / Procedia Engineering 14 (2011) 2196–2204
 
(a) Immediate occupancy 
 
(b) Life safety 
Figure 6: Comparison of fragility curves 
 
(c) Collapse prevention 
Fig. 6: Comparison of fragility curves (continue) 
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6. COMPARISON 
The fragility curves for the three damage states for two and four storey buildings in this study are 
compared to those for low-rise (<3 floors) and mid-rise (4-7 floors) bare moment resisting frames 
obtained by (Rossetto and Elnashai 2003) that were derived through Eq. (4) 
  (5) 
where DIHRC is the damage limit state, Į and ȕ are the mean curve parameters and GM is the peak 
ground acceleration. Accordingly, six damage limit states are defined in terms of slight, light, moderate, 
extensive, partial collapse and collapse damage states. The damage states corresponding to immediate 
occupancy, life safety and collapse prevention in this study aligned to slight, light and moderate damage 
state, respectively.  
Fig. 6 shows the comparison of the respective damage state of the fragility curves. It can be seen that 
the fragility curves for two and four storey buildings developed in this study for immediate occupancy 
and life safety are close to those obtained by (Rossetto and Elnashai 2003), while the curves for collapse 
prevention in this study are larger than those obtained by (Rossetto and Elnashai 2003). This is because 
these two studies are developed based on different approaches: this study is based on damage 
distributions simulated from analyses, while the (Rossetto and Elnashai 2003) study is based on the 
observed damage of actual structures.  
Table 4: PGA values at 50% and 100% probability of reaching light, moderate and severe damage 
Number of storey Damage states 50% 100% 
 
Two storey building 
Light  0.03g 0.2g 
Moderate  0.05g >0.2g 
Severe  0.11g >0.2g 
 
Four storey building 
Light  0.02g 0.2g 
Moderate  0.04g >0.2g 
Severe  0.09g >0.2g 
 
7. CONCLUSIONS 
The fragility curves in this study have been presented for the use of seismic risk assessment of RC 
school buildings subjected to far distant earthquakes. The PGA values at 50% and 100% probability of 
reaching the respective damage states are tabulated in Table 4. The results show that the buildings would 
be safe to enter after an earthquake of magnitude up to a PGA of 0.2g. However, decision making based 
on the fragility curves is limited to an initial event earthquake. In the event of an aftershock or later 
earthquake, the curves cannot be used to judge the effects since the curves do not take into account the 
condition of the structure after the first event. For comparison, the fragility curves were comparable to 
those for RC moment resisting frames obtained by (Rossetto and Elnashai 2003) at the lower drift limit of 
approximately 2% of inter-storey drift ratio but the difference was apparently due to a large drift limit of 
4% of inter-storey drift ratio.   
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